Fluoride (F) is ubiquitous natural substance and widespread industrial pollutant. Although low fluoride concentrations are beneficial for normal tooth and bone development, acute or chronic exposure to high fluoride doses results in adverse health effects. The molecular mechanisms underlying fluoride toxicity are different by nature. Fluoride is able to stimulate G-proteins with subsequent activation of downstream signal transduction pathways such as PKA-, PKC-, PI3-kinase-, Ca 2+ -, and MAPK-dependent systems. G-protein-independent routes include tyrosine phosphorylation and protein phosphatase inhibition. Along with other toxic effects, fluoride was shown to induce oxidative stress leading to excessive generation of ROS, lipid peroxidation, decrease in the GSH/GSSH ratio, and alterations in activities of antioxidant enzymes, as well as to inhibit glycolysis thus causing the depletion of cellular ATP and disturbances in cellular metabolism. Fluoride triggers the disruption of mitochondria outer membrane and release of cytochrome c into cytosol, what activates caspases-9 and -3 (intrinsic) apoptotic pathway. Extrinsic (death receptor) Fas/FasL-caspase-8 and -3 pathway was also described to be implicated in fluoride-induced apoptosis. Fluoride decreases the ratio of antiapoptotic/proapoptotic Bcl-2 family proteins and upregulates the expression of p53 protein. Finally, fluoride changes the expression profile of apoptosis-related genes and causes endoplasmic reticulum stress leading to inhibition of protein synthesis.
Introduction
Fluorine (F), a member of the halogen family, is the most electronegative and reactive of all the elements of Periodic table. Elemental fluorine does not exist in nature but forms inorganic and organic compounds called fluorides representing approximately 0.06-0.09% of the Earth's crust. Fluorides are released into environment through a combination of natural and anthropogenic processes; therefore, their concentrations in the environment are highly variable. Natural processes include the weathering and dissolution of fluoriderich minerals, emissions from volcanoes, geothermal activity, and marine aerosols [1, 2] . Fluoride levels in surface waters depend on geographical location and proximity to emission sources but are generally low, ranging from 0.01 to 0.3 mg/L in freshwater and from 1.2 to 1.5 mg/L in seawater. However, high fluoride concentrations (3 mg/L and greater) are common in the groundwaters at many geographical areas rich with fluoride-containing rocks. These regions include East African Rift system (from Jordan in northern Africa to Kenya and Tanzania in east Africa), Middle East (Iran, Iraq, and Syria), Indian subcontinent (India, Pakistan, Sri-Lanka), parts of the USA, China, Argentina, and some regions of Central Europe [3] [4] [5] . Anthropogenic fluoride sources include the release of processed waters and waste from various industrial sites, including steel, aluminum, copper and nickel production, phosphate ore processing, phosphate fertilizer manufacturing and use, and glass, brick, and ceramic manufacturing [3, 4] . Phosphate ore production and aluminum manufacture are the major industrial sources of environmental fluoride pollution. The use of fluoridecontaining pesticides and combustion of the coal and fuel also contribute to fluoride dispersion. These processes result in accumulation of fluoride compounds in the surface waters and groundwater reserves, air, soils, and in the living organisms. The most common inorganic fluorides are 2 ISRN Cell Biology hydrogen fluoride (HF), calcium fluoride (CaF 2 ), sodium fluoride (NaF), sulfur hexafluoride (SF 6 ), and silicofluorides.
Fluoride is consumed by an organism via inhalation of air and ingestion of food and water. The levels of fluoride in most fruits, vegetables, and meats are very low (0.1-5 mg/kg) and unlikely to contribute significantly to daily fluoride exposure, with exception of tea, containing relatively high fluoride levels especially in mature and fallen tea leaves [6] . Thus, the main source of fluoride for humans is drinking water. Fluoride in low concentrations has been proven to be beneficial for teeth and bone development; therefore, in the developed countries, the controlled fluoridation of drinking water supplies was introduced as early as in 40th years of the twentieth century [3, 4, 7] . Public health workers consider water fluoridation one of the greatest public health achievements of the twentieth century along with purification of drinking water, pasteurization of food products, and immunization against infectious diseases. Hence, although the toxicity of fluoride is well known, it has been ignored for a long time. According to WHO recommendations, the fluoride intake standard was set between 0.7 and 1.2 mg/L (1 ppm in average). Taking into account the volume of consumed water, this gives an optimal daily uptake of fluoride by average adult (expressed on a body weight basis) of 1.4-3.4 mg/day [8] . However, in the developed countries, a wide range of fluoride-containing topical agents and supplements (toothpastes, dental varnishes, gels, rinses, tablets, and drops) designed to reduce dental decay became widely available and greatly contribute to daily intake of fluoride by humans. As a result, the consumption of fluoride by humans became uncontrolled and unpredictable often exceeding its therapeutic window. An excessive fluoride consumption has been linked to development of fluorosis, a slow degenerative disease, affecting teeth and bone tissues, as well as inducing neurological defects, infertility, and mental retardation [8] [9] [10] [11] [12] . Endemic fluorosis is a serious national problem occurring in many counties all over the world and affecting many millions of people using groundwater with high fluoride content for their daily needs [3, 13] . Moreover, there are no convincing evidences on the role of fluoride as essential element for normal human growth and development. In contrast, during recent decades, numerous investigations have established the toxicity of fluoride for cells of different tissues both in vitro and in vivo. The goal of present work was to summarize the literature data on the toxic effects of fluoride described to date with the focus on the molecular mechanisms underlying fluoride-induced cytotoxicity eventually leading to apoptotic cell death.
Fluoride-Induced Toxicity and Cell Death
The toxicity of fluoride is associated with its high chemical and biological activity. Fluoride freely and rapidly migrates across the biological membranes, primarily in the form of HF via passive nonionic diffusion in response to differences in the acidity of adjacent body fluid compartments [14] . The permeability coefficient of HF is more than one million times greater than that of ionic fluoride and close to water permeability [15] . After ingestion, fluoride is rapidly and virtually totally absorbed into the blood. The literature data present a quite different values (0.4-2.4 μmol/L) for normal plasma fluoride content; however, the mean fluoride concentration in plasma from human individuals consuming drinking water with optimal fluoride amounts (0.7-1.2 mg/L) was established to be 1 μmol/L [4, 16] . The concentrations of ionic fluoride in plasma of adults with endemic fluorosis elevate up to 30-80 μmol/L, while those in the serum of patients survived after acute fluoride poisoning were estimated to be 500-780 μmol/L [16] . On an average, approximately 50% of the fluoride ingested by our body each day is excreted through the kidneys while the remaining fluoride distributes between organs and tissues and accumulates in the bones, teeth, pineal glands, and other tissues [14] .
The effects of fluoride on cellular metabolism and physiology vary according to cell type, concentration, and time of exposure [17] . For instance, in teeth and bone tissues, micromolar concentrations of fluoride elicit potentially beneficial effects by promoting cell proliferation and growth, whereas millimolar fluoride doses suppress cell proliferation and induce apoptosis. Thus, an exposure to high fluoride doses has been reported to induce apoptotic cell death in ameloblasts [18] [19] [20] , odontoblasts [21] , and osteoblasts [22] [23] [24] . In the cells of other tissues, fluoride has been shown to negatively influence many metabolic, structural, and functional cellular functions in experimental animal models in vivo and in cultured cells in vitro. The toxic fluoride effects include an induction of inflammatory reactions, cell contractile responses, inhibition of protein synthesis and cell cycle progression, oxidative stress, and DNA damage [17] . Many of these cellular events ultimately lead to cell death. NaFinduced apoptosis was demonstrated in the cells from different organs and tissues including lungs [25, 26] , kidneys [27, 28] , liver [29] [30] [31] , brain [32] [33] [34] , pancreas [35, 36] , thymus [37] , endometrium [38, 39] , bone marrow [40] , hair follicles [41] , erythrocytes [42] [43] [44] , as well as leukemic cells [45] [46] [47] .
Apoptosis, or programmed cell death, is a complex and highly regulated phenomenon playing a key role in the elimination of unnecessary or damaged cell and in a variety of normal biological processes such as cell proliferation and differentiation, tissue homeostasis, and aging [48] [49] [50] . The morphological changes typical for apoptosis include condensation of nuclear chromatin, DNA fragmentation, disintegration of mitochondria, cell shrinkage, membrane blebbing, and formation of apoptotic bodies. The biochemical features include a delicate regulation of intracellular signaling pathways via gene expression and/or protein activity. The molecular mechanisms underlying fluoride-induced apoptosis are different by nature and include the stimulation of G protein-dependent signaling systems, oxidative stress, ATP depletion, activation of the cell surface death receptors, disruption of outer mitochondria membrane, activation of caspases, alterations in the ratio of anti-apoptotic-apoptotic Bcl-2 proteins, upregulation of p53 expression, expression of apoptosis-related genes, endoplasmic reticulum stress and disturbances in protein synthesis ( Figure 1 ). Figure 1 : A simplified scheme of intracellular molecular mechanisms involved in fluoride toxicity and apoptosis. Nc: nucleus, ER: endoplasmic reticulum; Mt: mitochondria; RTK: receptor tyrosine kinase; GPCR: G protein-coupled receptor; FasR: Fas receptor; PI3K: phosphoinositol-3 kinase; Akt: Akt kinase; PLC: phospholipase C; PKC: protein kinase C; PIP2: phosphatidylinositol 4,5-biphosphate; IP3: inositol 1,4,5-triphosphate; DAG: diacylglycerol; CaM: calmodulin; AC: adenylyl cyclase; PKA: protein kinase A; RhoGEF: Rho guaninenucleotide exchange factor; RhoK: Rho kinase; MLCK: myosin light chain kinase; PERK: RNA-activated protein kinase-like ER kinase; IRE1: inositol-requiring protein-1; eIF2α: eukaryotic translational initiation factor 2 subunit α; Xbp-1: X-box binding protein 1; Bip/GRP78: BiP/glucose-responsible protein 78; GADD153: DNA damage-inducible protein; PPs: protein phosphatases; K Ch: K + channels; NKCC: Na + -K + -2Cl − cotransport; NHE: Na + /H + exchange.
G Protein-Linked Signaling Pathways
G proteins (guanine nucleotide-binding proteins) are a family of regulatory proteins involved in transmitting extracellular chemical signals from transmembrane G-protein-coupled receptors to intracellular targets by activating the cascades of second messengers. Fluoride was demonstrated to be a potent activator of G-proteins in virtually all studied cell types [51] . Initially, such activation by fluoride was described for heterotrimeric G proteins and has been proven to depend on the formation of multifluorinated complexes, AlF x [52] , formed in the water, food, and organism in the presence of trace amounts of aluminum after administration of sodium fluoride. The mechanism by which fluoroaluminates activate G proteins is based on the structural and spatial similarity between AlF 4 − molecule and phosphate group PO 4 3− [53] . As phosphate analog, AlF 4 − is able to affect the activities of a variety of ATP-and GTP-converting enzymes 4 ISRN Cell Biology thus interfering with many metabolic reactions in the cells. Fluoroaluminate crosses the cell membrane and directly interacts with the membrane-associated inactive α subunit of G protein through the binding to β-phosphate of GDP mimicking the transition state of bound γ-phosphate [54] . The resulting Gα-GDP-AlF 4 − complex resembles that of Gα-GTP and thereby keeps the Gα-protein in its active signaling conformation by inhibiting GTPase activity. Later, the monomeric low-molecular-weight G proteins of the Ras superfamily (Ras, Rho, cdc42) have also been shown to associate with AlF 4 − [55, 56] . In this case, fluoroaluminate suppresses the activity of GTPase-activating proteins (GAPs), the enzymes that keeps Ras proteins in their inactive state by promoting the hydrolysis of bound GTP to GDP by virtue of GTPase reaction. The inactive GDP-bound forms of Ras proteins in the presence of aluminum fluoride form stable high-affinity complex Ras-GDP-AlFx-GAP, what results in the small G protein activation.
The types of large G-proteins implicated in the fluorideinduced cytotoxicity and cell death seem to be tissue specific. Four major subclasses of G-proteins have been described (G αs , Gα i/o , Gα q/11 , Gα 12/13 ) distinguished from each other by sequence homology. As early as in 1985, Blackmore et al. [57] suggested that inhibition of some G protein (possibly Gα i ) by fluoroaluminate creates "some degree of regulatory chaos" in the rat hepatocytes. Lately, the role of Gα i protein in execution of toxic fluoride effects was demonstrated in the clonal RINm5F pancreatic β-cells and rat Langerhans islets, where apoptosis induced by 5 mM NaF was markedly enhanced by pretreatment with pertussis toxin (Ptx) modifying the α-subunit of Gα i/o family [35, 36, 58] . The rat proximal tubules also respond to fluoride through Gα i protein [59] . In contrast, Ptx did not augment the apoptosis of the lung A549 cells triggered by 5-10 mM NaF [26] . Although the nature of G proteins in this study was not established, their activation was shown to be important since deferoxamine, Al 3+ chelator, inhibited the apoptotic process, while an addition of AlCl 3 facilitated it [26] . The generation of intracellular second messengers in fluorideexposed endothelial cells was also shown to be linked with a pertussis toxin-insensitive G protein [60] . In osteoblastic cells, the fluoride-induced phosphorylation of cellular kinases was associated with expression of Ptx-sensitive Gα i2 and Ptx-insensitive G proteins, the latter attributed to G 12 class [61, 62] . Overall, these data indicate that almost all types of G-proteins are involved in the cellular responses to inorganic fluoride.
An implication of the small G-proteins in fluoride-induced cytotoxicity and cell death is studied less. However, a few available works have established a regulatory role of Ras/Rho in the NaF-mediated phosphorylation of myosin light chain kinase (MLCK) and MAP kinases in bovine pulmonary artery endothelial cells, what modulates the structure of F-actin cytoskeleton, contractile responses, and cell shape, the events directly linked with apoptotic processes [63, 64] .
Activation of the large G proteins by fluoride leads to subsequent stimulation of different G protein-linked signal transduction pathways such as PKA-, PKC-, Ca 2+ -, PI3-, and Rho-kinase-linked systems, which presumably act in a coordinated manner and have been suggested to implicate in chemical-induced apoptosis, in a stimulatory or inhibitory manner, either directly or by triggering other pathways.
3.1. cAMP. cAMP (cyclic adenosine monophosphate) is the messenger of intracellular signaling system involving sequential activation of Gα s /Gα i/o proteins, adenylyl cyclase (AC), cAMP, and protein kinase A (PKA). An association between the cAMP/PKA signaling system and induction of cell death by fluoride was demonstrated for A549 cells [26] , although authors suggest that elevation of cAMP as such was not sufficient to exert apoptosis but rather facilitated (enhanced) another fluoride-induced apoptotic pathway. A dose-dependent, saturable increase in cell death was observed after treatment of pancreatic RINm5F cells with the cell-permeable cAMP analog dibutyryl-cAMP suggesting that a sustained rise in intracellular cAMP may be a part of apoptosis-controlling system [35] . In contrast, NaF-induced decrease in the cAMP levels was described in osteoblasts [62] and rat hepatocytes [57] , although the relation of such events to cell death was not a goal of these studies.
PKC.
The effector of Gα q/11 protein is phospholipase C (PLC) which catalyzes the cleavage of membrane-bound phosphatidylinositol 4,5-biphosphate (PIP2) into the second messengers inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). DAG activates protein kinase C (PKC), an important second messenger able to phosphorylate many other proteins. A positive involvement of PKC in the NaFinduced cell death was demonstrated in the A549 cells and primary rat alveolar macrophages [26, 65] , where NaFinduced apoptosis was accompanied by persistent increase in PKC activity, although the authors could not clarify whether the apoptotic effect was attributed to NaF-induced increase in PKC activity or only to permissive effects of the basal PKC activity. Garcia et al. [66] have shown that activation of Gprotein by NaF in the human endothelial cells produced a rapid and time-dependent translocation of PKC from the cytosol to the membrane. Unfortunately, the nature of PKC was not established in these studies. The PKC family consists of 10 members, and activation of specific PKC isoform in response to various stimuli has been shown to facilitate or suppress the cell death [67] . Hence, an implication of different PKC isoforms to the fluoride-induced cell death might be an interesting goal of future investigations. 2+ . An increase in intracellular Ca 2+ concentrations is another consequences of Gα q/11 protein/PLC activation. IP3 binds to membrane receptors in the smooth endoplasmic reticulum, what facilitates the release of Ca 2+ . Many PKC isoforms are also activated by increases in intracellular Ca 2+ ; thus both these pathways can converge to function through the same pathway. Elevated cytosolic Ca 2+ also binds and allosterically stimulates protein calmodulin, which in turn activates Ca 2+ /calmodulin-dependent kinases (CAMKs). An increase in Ca 2+ concentration might be one of the common features for cytotoxicity and cell death either as a direct target or as indirect consequence of altered cellular processes [68, 69] .
Ca
Millimolar fluoride concentrations have been reported to increase intracellular Ca 2+ concentration in the cells of many types including erythrocytes [44, 70] , osteoblasts [71] , proximal tubules [59] , human neuroblastoma SH-SY5Y cells [72] , and renal epithelial cell line NRK-52E [73] via release from intracellular Ca 2+ stores, suppression of Ca 2+ -pump, or activation of Ca 2+ channels. In the pulmonary artery endothelial cells, activation of pertussis toxin-insensitive G proteins by NaF can initiate a series of events leading to increases in phosphoinositide hydrolysis and Ca 2+ mobilization from intracellular stores [66] . Treatment of isolated hepatocytes with 2-10 mM NaF also produced a rise in free cytosolic Ca 2+ , decrease in PIP2 levels, and increase in IP3 and DAG levels [57] . The calmodulin-dependent pathway was shown to mediate NaF-induced enhancement of basal Ca 2+ concentration in the rat glioma C6 cells [74] .
A few works have established an important role of Ca 2+ in the fluoride-induced cell death. A direct link between dose-and time-dependent increase in the concentration of free cytosolic Ca 2+ , measured with fluorescent Ca 2+ indicator Fluo-3, and the transition of cell state to apoptosis and necrosis was demonstrated in the rat erythrocytes treated with 0.5-16 mM NaF for 24 h [44] . In the rat thymocytes, 10 mM NaF increased an intracellular Ca 2+ content and the population of shrunken cells, although authors named the observed cell death as "apoptosis-like necrosis" [75] . The production of ROS in the human neuroblastoma SH-SY5Y cells treated with 40-80 mg/L NaF was mediated by an increase in cytosolic Ca 2+ concentration due to release from intracellular calcium storage [72] . Xu et al. [76] , investigating the relationship between Ca 2+ and the development of fluorosis in experimental rats, suggested that increase in intracellular Ca 2+ concentration might play a key role in the mechanism of renal injury and necrosis of renal tubules in fluorosis. In contrast, Sun et al. [77] established that low sperm hyperactivation of the mice exposed to high NaF doses was due to decrease in the cellular calcium concentration and suppression of the Ca 2+ /CALM-CAMK2 signaling pathway, what authors explain by the lack of endoplasmic reticulum in sperm.
PI3-Kinase.
Phosphatidylinositol 3 -kinase and especially its downstream effector Akt kinase until recently have been considered as the links of cell survival pathway due to their ability to inactivate proapoptotic molecules and modulate intracellular energy metabolism, although recent studies also established a certain role of PI3/Akt in the induction of cell death [78] . The role of PI3 kinase in the fluoride-induced cytotoxicity is not studied well but seems to be cell specific. Thus, treatment of the epithelial lung cells A549 with inhibitor of PI3 kinase wortmannin augmented their responses to NaF, indicating that activation of PI3 kinase is a survival factor [26] . In contrast, in the pancreatic RINm5F cells wortmannin failed to decrease the cell viability and did not attenuated the NaF-induced cell death [36] .
Rho/Rho
Kinase. The downstream effectors of Gα 12/13 proteins are specific guanine-nucleotide exchange factors RhoGEFs, which stimulate small Ras G-proteins of the Rho subfamily catalyzing the exchange of GDP for GTP [79] . Once bound to GTP, Rho can activate various proteins responsible for regulation and remodeling of the cell cytoskeleton such as Rho-kinases (RhoK), thus controlling cell shape, contractile responses, and migration. Thus, 20 mM NaF was shown to induce the barrier disfunction of bovine pulmonary artery endothelial cells via Rho/RhoKmediated MLC (myosin light chain) phosphorylation and actin cytoskeletal alterations [63] . Such RhoK-dependent MLC phosphorylation involves inactivation of the MLCP (MLC phosphatase) due to phosphorylation of the myosin phosphatase target subunit MYPT1. The contraction of rat aortic rings under influence of 4-8 mM NaF occurred via activation of the Rho/RhoK pathway and subsequent inactivation of MLCP was also associated with phosphorylation of MYPT1 and the PKC-potentiated inhibitory protein CPI17 [80] .
Tyrosine Phosphorylation
Protein tyrosine kinases activated through receptor tyrosine kinases or G protein-coupled receptors are emerging as important modulators of the apoptotic response exerting both positive and negative effects in dependence on their concentration and cell type [81] . A positive role of tyrosine phosphorylation in the manifestations of toxic fluoride effects was established in A549 cells, where NaF-induced apoptosis was partially reduced by tyrosine kinase inhibitor genistein [26] . The proapoptotic effects of NaF in both RINm5F pancreatic cell line and human and rat pancreatic islet cells were also associated with the activation of genisteinsensitive tyrosine kinases [36, 58] . In the fluoride-treated osteoblastic cells, pertussis toxin-insensitive G proteins were suggested to activate several cytoplasmic protein tyrosine kinases from Src family, Pyk2 (proline-rich tyrosine kinase 2) and Fak (focal adhesion kinase) [61, 62] , what modulates the adhesion properties of these cells and, consequently, differentiation, migration, and apoptosis. In contrast, NaF inhibited tyrosine kinase activity of insulin receptors purified from the rat skeletal muscles and human placenta by direct binding to the receptors [82] .
MAP Kinases
MAPKs (mitogen-activated protein kinases), a group of protein serine/threonine kinases, are important components of a few signaling pathways regulating a wide variety of cellular processes including proliferation, differentiation, stress response, and apoptosis [83] . Three major subgroups composes the family of MAPKs: ERKs (extracellular signalregulated protein kinases), JNKs (c-Jun N-terminal kinases), and p38. MAPK cascades transmit extracellular stimuli from the cell-surface receptors to specific transcription factors in the nucleus where they regulate transcription through specific effectors. ERKs phosphorylate transcription factors TCF/ELK-1 and trigger c-Fos synthesis. JNK phosphorylates c-Jun and ATF (activating transcription factor), what stimulates their transcription activities. p38 phosphorylates HSP-27 and ATF1/2. ERK 1 and 2 are part of 6 ISRN Cell Biology the Ras/Raf/MEKK/MEK pathway often associated with proliferation and survival, although the induction of apoptosis mediated via ERK has also been reported. The p38 and JNK kinases have been implicated primarily in the induction of apoptosis and inflammation after exposure to various chemical and biological agents, although their role also seems to differ between cells.
An involvement of MAP kinases in the fluoride-induced cytotoxicity and cell death was established in a few works, although their role may vary according to cell types. The stimulation of ERK by sequential activation of Rho/Raf-1/MEK/ERK pathway was demonstrated in the pulmonary artery endothelial cells treated with 20 mM NaF [64] . In osteoblasts, stimulation of pertussis-toxin-sensitive G i protein by fluoroaluminate leads to activation of MAP kinases Erks and p70 S6 kinase involved in the regulation of gene transcription and protein synthesis, what results in osteoblast proliferation and differentiation [62] . Phosphorylation of some MAP kinase was also observed in the fluoride-exposed fibroblastic NIH3T3 cells [61] . In the human osteoblastlike TE85 osteosarcoma cells fluoride induced a sustained activation of ERK p44 [84] . In ameloblasts exposed to 10 μM NaF, the JNK/c-Jun signaling pathway mediates the downregulation of metalloproteinase 20 (MMP-20), the protein responsible for the initial hydrolysis of amelogenin and regulation of the enamel matrix formation [85] . A direct correlation between the progression of apoptosis induced by 5 mM NaF and MAPKs activation was demonstrated in the MDPC-23 odontoblast-like cells [21] and human epithelial lung A549 cells [25] . In both cases all studied MAPKs were phosphorylated before progression of apoptosis; however, the pattern of MAPK phosphorylation in these two cell types was different. Thus, NaF-induced apoptosis in MDPC-23 odontoblast-like cells was associated primarily with JNKs (p54 and p46) and, less significantly, with ERKs (p44 and p42) pathways, whereas the role of p38 was not evident [21] . In the A549 epithelial lung cells, p38 and possibly JNK were suggested to be positively involved in NaF-induced apoptosis, whereas ERK activation seems to counteract this process [25] . An implication of MAPKs in fluoride toxicity was also confirmed by in vivo studies. Thus, the comparative study of p38 MAPK signal transduction pathway in the peripheral blood mononuclear cells from patients with coalcombustion-type fluorosis established that the expressions of p38 in PBMC from subjects suffering from fluorosis were significantly increased as compared to other groups [86] . An increased level of apoptotic cells in the brain of fluorideintoxicated rats, as well as fluoride-treated SH-SY5Y cells, positively correlated with phosphorylation of JNK [34] .
Inhibition of Protein Phosphatase Activities
Protein phosphatases (PPs) comprise a large family of enzymes divided into subfamilies of tyrosine phosphatases, serine/threonine phosphatases, and lipid protein phosphatases [87, 88] . Protein phosphatases dephosphorylate intracellular proteins by removing phosphate groups from substrate residues, thereby counteracting the effects of protein kinases. The reversible posttranslational modifications of intracellular proteins by coordinated and reciprocal action of protein kinases and protein phosphatases represent a fundamental regulatory mechanism for many biological processes including cell proliferation and cell death. The involvement of protein phosphatases in cell death is well established. The tyrosine phosphatases and lipid phosphatases were shown to be the most important regulators of Fas-(CD95)dependent apoptosis due to their ability to control DISC formation or Akt activation [87] . Protein serine/threonine phosphatases PP1 and PP2A are implicated in the regulation of both CD95 and mitochondrial apoptotic pathways. All levels of MAPK signaling can be regulated by protein phosphatases; for instance, PP2A can dephosphorylate and inactivate both MEK1,2 and ERK1,2 proteins [88] .
Fluoride was shown to be potent nonspecific inhibitor of protein phosphatases [89] . Unfortunately, the investigations elucidating the role of PPs inhibition in the development of fluoride-induced apoptosis were not performed to date. On the other hand, the capacity of fluoride to inhibit PPs is known to be associated with the alterations in the transmembrane ion transport mediated by a variety of ATPases, carriers and channels. Such changes in the activities of ion transporters might lead to an imbalance in the ionic gradients across the plasma membrane and disturbances in membrane potential, the early events in the activation and progression of apoptotic cascade [90] . Our recent results demonstrate that NaF exerts diverse and complicated effects on K + and Na + transport across the membrane of rat erythrocytes [91, 92] . Thus, treatment of these cells with 20 mM NaF led to substantial loss of cellular K + , probably provided by the opening of Ca 2+ -activated K + channels, and almost complete inhibition K + influx through Na + /K + pump. In contrast, Na + influx in the rat erythrocytes, mediated by Na-K-2Cl cotransport and Na + /H + exchange activities, was stimulated when protein dephosphorylation was inhibited. These results are in agreement with the data obtained on duck erythrocytes, where 10 mM NaF considerably enhanced the activity of Na-K-2Cl cotransport [93] . The K-Cl cotransport is also regulated by PPs; for example, its activity in the frog erythrocyte membrane was suppressed when PPs were inhibited with fluoride [94] . Cell sodium overload might further stimulate H + influx via Na + /H + exchange and induce acidification of intracellular milieu, as well as increase the cytosolic Ca 2+ concentration due to activation of Na + /Ca 2+ exchanger. K + loss is widely associated with cell shrinkage or apoptotic volume decrease. Early phosphatidylserine exposure during apoptosis was also reported to be dependent on Na + influx. Moreover, membrane transport proteins are closely associated with the cortical cytoskeleton, and their activities can affect the phosphorylation of cytoskeleton elements; thus, Na + overload has been demonstrate to activate the Rho-ROCK signaling pathways which are necessary for apoptotic body formation (see [90] ).
Oxidative Stress
Generally, this term describes an imbalance between oxidative damage in the cell, produced by reactive oxygen species (ROS), and the status of intracellular antioxidant systems. Chronic or acute ROS overproduction, exceeding the capacity of cellular antioxidant defense systems, causes oxidative damage to macromolecules such as DNA and proteins, peroxidation of membrane phospholipids, and mitochondrial depolarization, thus initiating apoptosis and organ lesions. The main ROS implicated in the tissue injury are superoxide anion, ( • O 2 − ) generated in mitochondria, hydrogen peroxide (H 2 O 2 ) produced from O 2 by the action of superoxide dismutase, hydroxyl radical (OH − ) produced from the decomposition of hydroperoxides, and peroxynitrite (ONOO − ) generated by the reaction of O 2 with nitric oxide (NO). To prevent oxidative stress, continuously produced ROS is scavenged by the cellular antioxidant defense enzymes, most important of which are superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px). SOD quenches • O 2 − into corresponding H 2 O 2 and H 2 O. CAT accelerates the dismutation reaction of H 2 O 2 followed by the formation of H 2 O and O 2 . GSH-Px participates in the reactions destroying hydrogen peroxide, organic peroxide, free radicals, and certain foreign compounds. Intracellular redox status also depends on the ratio between reduced and oxidized glutathione GSH/GSSG maintained by coordinated activities of glutathione (GSH) antioxidant enzymes-glutathione reductase (GR) and GSH-Px. The decreased GSH/GSSH ratio is a hallmark of oxidative stress and apoptosis [95] . An ability of oxidative stress to provoke cell death has also been associated with the lipid peroxidation (LPO), the process of oxidative degradation of lipids in which free radicals "steel" electrons from membrane lipids, resulting in their damage, especially polyunsaturated fatty acids, what may impair a variety of intra-and extramitochondrial membrane transport systems thus contributing to apoptosis. LPO can be determined as lipid peroxidation byproducts MDA (malondialdehyde) by thiobarbituric acid reactive substance (TBARS) assay.
Oxidative stress is a recognized mode of fluoride action in some cell types. An involvement of increased ROS production and lipid peroxidation in the fluoride-induced apoptosis has been proven in vitro in many cultured cell types as well as in vivo in experimental animals and in people living in areas of endemic fluorosis [17, 96] . Fluoride may induce the generation of superoxide anion ( • O 2 − ) as well as its downstream consequences such as hydrogen peroxide, peroxynitrite, and hydroxyl radical (OH − ). However, the role of oxidative stress in fluoride-induced apoptosis is now under discussion because some studies have described the lack of ROS production during fluoride-induced apoptosis. For example, Reddy et al. [97] did not observed significant difference in lipid peroxidation, glutathione, and vitamin C in blood of the patients suffering from endemic fluorosis and fluoride-intoxicated rabbits as compared to the controls. Lee et al. [98] also did not show ROS production in the NaF-treated human gingival fibroblasts.
7.1.
ROS. An elevated ROS generation was shown to implicate in both apoptosis and necrosis, although the type of cell death and nature of ROS produced in the cells seem to depend on the concentration of fluoride ions. The positive correlation between F-induced apoptosis and production of • O 2 − was demonstrated in the spermatozoa of rats administered 5 mg F/kg of body weight [99, 100] and mouse pancreatic β-cells exposed to 1.35-2.26 mM F [101] . In contrast, • O 2 − accumulation in the NaF-treated rat erythrocytes appears to be an indicator of necrotic processes, while the apoptotic cell state was mediated by peroxides, most probably H 2 O 2 (Agalakova and Gusev, unpublished data). The dose-dependent ROS generation was reported in leucocytes, where • O 2 − prevails at high fluoride and OH − dominates at low fluoride concentrations [102] . 3-10 μM NaF was able to increase overall ROS production and trigger apoptosis in the cultured human macrophages [103] , while high NaF concentration (100 mM) induced ROS-associated necrotic death of murine hepatocytes [104] . In vivo studies confirmed an involvement of ROS in the fluoride toxicity. Thus, elevated ROS was suggested to be one of the causes of apoptosis and cell cycle changes in the oral mucosa cells and hepatocytes from fluoride-intoxicated rats [31] . An enhanced production of ROS attributed to peroxides was demonstrated in the blood, liver, kidneys, and brain of rats consuming excessive fluoride amounts with drinking water [42, 43] . The significant morphological abnormalities and apoptosis associated with increased ROS generation were also observed in the sperm cells of mice exposed to high fluoride doses [105] .
Lipid Peroxidation.
Another important, although indirect, mechanism of fluoride-induced cytotoxicity demonstrated in the cells of many tissues is lipid peroxidation (LPO). The significant LPO was reported in RBCs from children and adults afflicted with endemic fluorosis [106, 107] . Wistar rats, exposed to high fluoride doses, also showed enhanced LPO in their RBCs [108] [109] [110] [111] , liver [108, 110, 111] , and brain [108, 110] . Karaoz et al. [112] showed that exposure of the pregnant rats and their offsprings during first month of life to fluoride leads to kidney tissue changes and LPO in the first and second generation of rats. A direct link between fluoride-induced apoptosis and elevated LPO was shown in the pig [30] and rat [31] hepatocytes. Fluoride administration to female Wistar rats triggered apoptosis in endometrial tissues and significantly increased endometrial MDA content [38, 39] . The reduced fertility of male rats subchronically exposed to fluoride was accompanied by ∼50% increase in spermatozoa LPO [99] . Fluoride-induced apoptosis of hair follicles was also associated with increased level of LPO exhibited as increased MDA content [41] .
In vitro experiments also confirmed an ability of fluoride to induce LPO. The significant increase in MDA level followed by decrease in viability was reported in the mice primary calvarial osteoblasts exposed to NaF [113] . An increase in MDA content was associated with the fluorideinduced apoptosis of the human embryo hepatocytes L-02 cells [29] , human leukemia HL-60 cells [45] , and necrosis of murine hepatocytes [104] .
Glutathione.
GSH depletion is generally attributed to an imbalance between pro-oxidant and antioxidant activities inside the cell and overproduction of ROS at the mitochondrial level leading to the damage of cellular components.
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However, the information on relationship between fluoride and alterations in the GSH content is contradictory and inconclusive. For instance, decreased GSH level was reported in the RBCs of children with endemic fluorosis [106] . Fluoride-induced apoptosis was associated with depletion of the GSH/GSSH ratio in the blood, liver, kidney, and brain of experimental rats that received high fluoride doses with drinking water [42, 43] . The pronounced decrease in GSH content was observed in the human embryo hepatocyte L-02 cells [29] , hepatocytes of fluoride-intoxicated rats [31] , and murine hepatocytes [104] . On the other hand, GSH level in the blood or RBCs from fluorotic humans and fluorideintoxicated rodents was also reported to be elevated [108, 114] or unaltered [97] . Two-phase alterations in the GSH content were observed in the NaF-treated rat erythrocytes (Agalakova and Gusev, unpublished data). In these cells, NaF-induced apoptosis was accompanied by depletion of GSH content, possibly attributed to GSH oxidation and plasma membrane GSSG efflux, while the transition of cells to necrotic state was associated with increase in GSH level, probably due to suppression of GSH transporters.
Antioxidant Enzymes Activity.
Alongside with aforementioned oxidative stress-related events, fluoride is proven to alter the activity of many antioxidant enzymes such as SOD, GSH-Px, and CAT, playing an important role in the antioxidative cell defense and eliminating free radicals. A decrease in the activity of free radical scavenging enzymes, SOD, CAT, GST, and GSH-Px, was found in the blood of people living in areas of endemic fluorosis [106, 107, 115] . A significant decrease in SOD activity was observed in the rat and mice erythrocytes after long-term high-fluoride intake [108, 109, 116] . Administration of NaF to experimental animals also led to decrease in the activities of SOD, CAT, GST, or GSH-Px in the liver [104, 117, 118] , kidneys [117] , and brain [119] . Fluoride-intoxicated female albino Wistar rats exhibited significantly decreased endometrial SOD, GSH-Px, and CAT activities [39] . In the NaF-treated primary calvarial mice osteoblasts, CAT, SOD, and GSH-Px showed elevated activities in response to low NaF doses, what might be associated with the tissue-specific beneficial property of fluoride for bone tissue, but were significantly suppressed at high fluoride concentrations [113] .
Other Biochemical Changes.
The fluoride-induced cytotoxicity was demonstrated to be associated with elevated NO generation in the serum of chicks treated with graded doses of sodium fluoride [120] and in the liver of fluorideintoxicated rats [118] . NO, an important signaling molecule, can react with superoxide to form peroxynitrite, while reacting with thiols and metal centers in proteins to form nitrosyl adducts. In the C6 rat glioma cells, NaF enhances cGMP generation via nitric oxide synthase (NOS), an enzyme catalyzing the production of NO from L-arginine on expense of NADPH [73] . In the rat spermatozoa, fluoride increased the activity of NADPH oxidase, another enzyme, contributing to ROS generation [100] . An increase in the level of lactate dehydrogenase (LDH), often used as a marker of tissue breakdown, was demonstrated in the NaF-treated SH-SY5Y cells [71] and in the plasma of rats kept on high-fluoride diet [118] . Among other cellular compounds described to be affected by fluoride are transaminases (AST and ALT), creatine kinase (CK), total lipids (TLs), cholesterol, triglycerides (TGs), and low-density lipoproteincholesterol (LDL-c), which amounts increased in the plasma of fluoride-intoxicated rats, while the content of high-density lipoprotein-cholesterol (HDL-c) decreased [118] . The RBCs of rats exposed to fluoride in drinking water exhibited significant inhibition of the parameters related to heme synthesis pathway like δ-aminolevulinic acid dehydratase and δ-aminolevulinic acid synthetase, accompanied by the depletion of whole brain biogenic amine levels [43] .
ATP Depletion
The decline in cellular ATP level is a well-known indicator of the cell senescence and death [121] . ATP is generated by glycolysis and oxidative phosphorylation. Fluoride is a wellknown inhibitor of enzymes of glycolytic pathway, first of all enolase [122] . Although this effect is known since 40 years of the twentieth century, it is often underestimated or ignored in the studies of fluoride cytotoxicity and cell death. A few works reported the significant (70-90%) decrease in ATP content in the human [123] and rat (Agalakova and Gusev, unpublished data) erythrocytes, oral mucosal fibroblasts [124] , and macrophages [103] in in vitro studies; however, the direct link between NaF-induced inhibition of glycolysis and apoptosis was established only in the HL-60 cells exposed to 7.5-20 mM NaF [47] . Since energy supply is a limiting factor in a variety of biochemical processes, ATP depletion can arrest many crucial cellular functions like transmembrane ion transport and protein phosphorylation, disturb membrane potential, and membrane-cytoskeleton interactions, what may finally lead to cell death [17, 50] . In erythrocytes, which lack nuclei and mitochondria and which energy requirements completely depend on glycolysis, an inhbition of glycolysis is especially dangerous. For example, ATP depletion induced by 0.5-20 mM NaF led to inhibition of Na + -K + -pump, accumulation of free cytosolic Ca 2+ , Ca 2+dependent K + loss, and shrinkage of the rat erythrocytes [44, 92] . GSH synthesis and GSH/GSSG membrane transport are also ATP dependent [95] ; thus ATP depletion might be the primary process in the chain of events impairing GSH replenishment and antioxidant defense.
Caspases
The central role in the molecular events, implicated in development and regulation of cell death, belongs to caspases, a unique and closely related family of cysteine proteases [48, 49] , which can be divided into initiator (-2, -8, -9, -10) and effector (-3, -6, -7) caspases. The caspases function by a cascade, in which initiator caspases are activated by a variety of lethal stimuli generated at the cell membrane or inside the cells in microenvironment of particular organelles. Initiator caspases activate a set of effector caspases by their cleavage at specific target sites. The cleavage events are responsible for the most of morphological changes associated with apoptosis. Caspases substrates include the cytoskeletal proteins, Rho kinase isoform ROCK-1 which activation results in the blebbing of apoptotic cells [125] , focal adhesion kinase (FAK) which cleavage leads to the loss of substrate contact [126] , and cytoplasmic chaperone inhibitor of caspase-activated DNAse (ICAD) which stimulation releases a nuclease from its anchor within the cytoplasm and permits its arrival to the nucleus with subsequent cleavage and condensation of DNA [127] .
Caspase-dependent apoptosis occurs through two main interconnected pathways-intrinsic mitochondria-mediated pathway and extrinsic death receptor-mediated pathway. The mitochondrial pathway is initiated by the disruption of outer mitochondrial membrane by apoptotic stimuli with subsequent release of cytochrome c from mitochondria to cytosol, which interacts with Apaf-1 (apoptotic proteaseactivating factor) and dATP (deoxyadenosine triphosphate) to form apoptosome and activate caspase-9, which in turn activates caspase-3 [128] . The death receptor pathway is stimulated through association of transmembrane death receptors TNF-α or Fas and their ligands. The receptors aggregate and recruit adaptor molecules such as Fas-associated death domain (FADD). These events lead to formation of the death-inducing signaling complex (DISC) and activation of caspase-8 with subsequent stimulation of caspase-3. Thus, intrinsic and extrinsic pathways converge at the activation of caspase-3, which cleaves one of its substrates, poly(ADPribose) polymerase (PARP), resulting in concomitant degradation of nuclear DNA.
An ability of fluoride to trigger an intrinsic mitochondria-mediated death pathway has been demonstrated in many cell types both in vitro and in vivo. Thus, an exposure of the human promyelocytic HL-60 cells to 2-5 mM NaF led to significant increase in the level of cytosolic cytochrome c, activation of caspase-3, and subsequent cleavage of intact PARP leading to DNA damage [45, 46, 129] . In the same cells, Otsuki et al. [47] reported an increased activity of caspase-9. The similar activation of caspase-3, cleavage of PARP, and DNA fragmentation were observed in the MDPC-23 odontoblast-like cells exposed to 5mM NaF [21] . Application of 20-40 mM NaF to the human gingival fibroblasts promotes an expression of VDAC-1 (voltage-dependent anion channel), a major component of mitochondrial permeability transition pore, and increased the level of cytochrome c released into cytosol, what results in the stimulation of mitochondrial cell death pathway through activation of caspases-3 and -9 and cleavage of PARP [98] . Millimolar concentrations of NaF were found to induce a caspase-3mediated DNA fragmentation in ameloblast-derived cell line LS8 [18] . The fluoride-induced apoptosis in the neonatal rat osteoblasts was found to be associated with elevated expression of caspase-3 and caspase-9 mRNA [23] .
An ability of fluoride to trigger the mitochondria-dependent apoptosis on the level of intact organism is studied in lesser degree. Nevertheless, an excessive fluoride ingestion by Wistar rats induced a significant upregulation of caspase-3 and caspase-9 mRNA expression levels in thymus cells and induced thymus apoptosis [37] . Considerable enhancement of both caspase-9 and caspase-3 activities, indicating that fluoride induced caspase-dependent apoptosis, was also observed in the hepatocytes of fluoride-intoxicated pigs [30] .
Recent studies also demonstrated an involvement of extrinsic death receptor-dependent pathway in the development of fluoride-induced apoptosis. Thus, in parallel with activation of caspase-9, an increased activity of caspase-8 was observed in the NaF-treated human gingival fibroblasts [98] and HL-60 cells [47] . NaF-induced apoptosis of the human gingival fibroblasts was also found to be associated with upregulation of Fas-L levels [98] . The enhanced expression levels of Fas, Fas-L, and caspase-8 mRNA and concomitant activation of activity caspase-3 were demonstrated in the human neuroblastoma SH-SY5Y cells treated with 40-80 mg/L NaF [130] . The conflicting results were obtained in the work of Jacinto-Alemán et al. [20] who described an increased expression of caspase-3 and -8 in murine thirty first molar germs culture with 5 mM NaF but suggested that fluoride-induce apoptosis in these cells is related to oxidative stress due to reduction of the enzymatic antioxidant. The stimulation of caspase-3 not attributed to either intrinsic or extrinsic pathways has been described in the leucocytes of fluoride-intoxicated rats [131] and osteoblast-like MC3T3-E1 cells [132] . However, fluoride was also reported to fail to activate caspase-3 in the MC3T3-E1 cells [133] .
Bcl-2 Family Proteins
Other key components involved in apoptotic signaling upstream of caspases are the proteins of Bcl-2 (B-cell lymphoma/leukemia-2) superfamily [49, 134] . Anti-apoptotic members of Bcl-2 (such as Bcl-2 and Bcl-X L ) are mainly integral proteins in the mitochondrial, endoplasmic reticulum, and nuclear membranes. The majority of proapoptotic Bcl-2 proteins (such as Bax, Bad, and Bid) are localized in the cytosol, but following a death signals they undergo a conformational change and integrate into mitochondria outer membrane. The regulation at the transcriptional level seems to be a critical factor for equilibrium between these pro-and antiapoptotic proteins that influences cell susceptibility to death signals; for example, Bax is transcriptionally responsive to p53 induction. The Bcl-2 family controls the release of critical molecules from the mitochondrial intermembrane space to cytosol by regulation of the mitochondrial permeability transition pore. Amongst released molecules are cytochrome c and dATP, which together activate caspase-9 by association with Apaf-1 protein. Bcl-2 phosphorylation has also been shown to regulate the generation of ROS and subsequent inhibition of cell cycle progression.
An implication of Bcl-2 proteins in the regulation of fluoride-induced apoptosis was convincingly proved in the cells of different types. A few works performed on the human promyelocytic leukemia HL-60 cells have established that 10−15 mM NaF promotes either a gradual upregulation of proapoptotic Bad protein [47] or downregulation of antiapoptotic Bcl-2 protein [45, 46] . The similar picture was observed in the human gingival fibroblasts and human oral squamous carcinoma cells, where the apoptosis induced by 5−40 mM NaF was also associated with the downregulation of antiapoptotic Bcl-2 [98] or enhanced expression and dephosphorylation of Bad protein [135] . Elevated expression of another proapoptotic member Bax and corresponding suppression of Bcl-2 expression at both the mRNA and protein levels have been shown to implicate in apoptosis in the NaF-treated renal tubules [27] and osteoblastic MC3T3-E1 cells [24] , as well as in the oral mucosal cells of rabbits that underwent topical application of fluoride-containing gel [136] . Immunoexpression of both Bax and Bid proteins was also described in the thirty first molar germs from 1-day-old Balb/c mice cultured with 5 mM NaF [20] . Activated form of Bid, tBid, triggers the oligomerization of Bax/Bad and induces the release of cytochrome c from mitochondria. Overall, these results indicate that fluorideinduced apoptosis is mediated by its direct effects on the expression of bcl-2 family members resulting in decrease in the antiapoptotic/proapoptotic proteins ratio. However, Gutiérrez-Salinas et al. [131] did not find statistically significant differences between the Bcl-2 expression levels in leucocytes from control and F-intoxicated rats.
p53 Protein
The p53 tumor suppressor protein is a transcription factor responding to numerous extrinsic and intrinsic stress stimuli, including DNA damage, oncogene activation, and hypoxia. Although initially p53 has been described as an inductor of cell cycle arrest and apoptosis, recent studies have emerged its role to the regulation of normal metabolic homeostasis, senescence, fertility, differentiation, and regulation of stem cells [137, 138] . By activating the specific transcriptiondependent and transcription-independent pathways in nuclei and mitochondria, p53 is able to mediate the expression of various apoptosis-related proteins such as Bcl-2, Fas, and Bax, control the mitochondria redox balance and integrity, and contribute to the regulation of oxidative phosphorylation, glycolysis, nucleotide biosynthesis, fatty acid oxidation, and antioxidant response.
Information on involvement of p53 protein in the development of fluoride-induced apoptosis is scarce. Nevertheless, Wang et al. [139] investigated the link between apoptosis and p53 expression in the human embryo hepatocytes and found that application of 40−160 μg/mL NaF exerted a dosedependent rise in expression levels of both p53 protein and p53 mRNA accompanied by the fall in cell survival rate. The leucocytes of rats exposed to 50 ppm fluoride also exhibited a markedly increased expression of p53 protein [131] . However, the upstream pathways leading to excessive p53 expression under fluoride influence are yet to be elucidated.
Gene Expression
Recent studies in vivo and in vitro indicate that fluoride is a transcriptional modulator in several cell types, both normal and pathological. Using cDNA array test, Salgado-Bustamante et al. [140] analyzed the expression of approximately 180 genes related to apoptosis and inflammation in peripheral blood mononuclear cells (PBMC) from Mexican human individuals exposed to high fluoride concentration in drinking water. Authors found a significant downregulation of apoptosis-related genes from TNF ligand family (TNFa, FasL, CD30L, CD40L, 4-1BBL, TANK, TRAIL), TNF receptor family (DR3, HVEM), caspase family (Caspase-2, Caspase-6), TRAF family (TRAF-2 and TRAF-5), and CIDE family (CIDE-A and CIDE-B), and upregulation of survivin (BIRC5) from IAP family, which is a regulator of the cellcycle and apoptosis. In addition, the expression of several pro-and anti-inflammatory genes was altered in this group of residents from a fluoride-endemic area of Mexico.
An experiment on laboratory animals also established the capacity of fluoride to exert transcriptional effects. Thus, gene expression profiling of the sperm cells from fluorideexposed mice has shown that 34 studied genes were upregulated and 63 genes were downregulated, most of which are involved in the signal transduction, amino acid phosphorylation, oxidative stress, cell cycle, electron transfer, glycolysis, chemotaxis, spermatogenesis, and apoptosis [105] . Comparative proteomic analysis of the kidney, liver, and cardiac muscle samples from puffer fish Takifugu rubripes exposed to excessive fluoride has revealed that among a few tens of proteins, found to be either upregulated or downregulated, five or more proteins seem to be involved in apoptosis and other functions associated with fluorosis [141] [142] [143] . Those are disulfide isomerase ER-60 playing a key role in the degradation of misfolded proteins and refolding of denatured proteins in ER, SMC3, and SMC4 proteins taking part in DNA recombination and repair, as well as chromosome segregation, 4NSc-Tudor domain protein (nuclear factor kappa B2 NF-kB2) which proapoptotic function is stabilization of p53, cyclin D1, a nuclear protein repressed by p53 and required for cell cycle progression, MAPK10 (c-Jun N-terminal kinase 3 JNK3), thought to phosphorylate p53 and playing an important role in nuclear signal transduction associated with apoptosis [144] [145] [146] [147] . Alterations in these proteins activities can trigger apoptotic cascade involving p53, what leads to chromosomal instability and activation of the p53-dependent mitotic checkpoint, that is, disturbance of normal cell cycle and induction of apoptosis. Zhang et al. [33, 148] , studying the mechanisms underlying the neurotoxicity of fluorosis on the primary rat hippocampal neurons, reported that high fluoride intake, in addition to DNA damage and cell-cycle regulation, suppressed the expression of neural cell adhesion molecules (NCAMs), necessary for the maintenance of cognitive functions of brain such as learning and memory, but enhanced the gene expression of NF-κB, the transcription factors which can both promote cell death in response to oxidative stress, thus contributing to neurological dysfunctions.
Endoplasmic Reticulum Stress
The endoplasmic reticulum (ER) is a principal site for folding and maturation of transmembrane, secretory, and ERresident proteins. The prolonged perturbations in ER homeostasis, such as accumulation of misfolded and unfolded proteins, lead to ER stress which activates the self-protecting mechanisms termed unfolded protein response (UPR) responsible for either alleviating ER stress or for inducing apoptosis [149, 150] . UPR is mediated through three parallel integrated intracellular pathways starting from ER-stress sensors, PERK (RNA-activated protein kinase-like ER kinase), IRE1 (inositol-requiring protein-1), and ATF6 (activating transcription factor-6). PERK phosphorylates the eIF2α (eukaryotic translational initiation factor 2 subunit α), what transiently attenuates protein translation and reduces ER overload. IRE1 (inositol-requiring protein-1) is a proapoptotic initiator. IRE1 initiates RNAse activity specific for Xbp-1 mRNA splicing, what results in encoding of active Xbp-1, a transcription factor activating the transcription of molecular chaperones such as Bip/GRP78 (BiP/glucose-responsible protein 78). Once the unfolded proteins accumulate in ER, BiP is released into lumen and binds to hydrophobic regions on the surface of the unfolded proteins to facilitate proper folding and augment the folding capacity of ER. Activated IRE1 also triggers JNK/AP-1/GADD153-signaling pathway, which recruits Jun N-terminal inhibitory kinase (JIK) and TRAF2 to activate apoptosis-signaling kinase 1 (ASK1), which in turn activates JNK and mitochondria/Apaf1dependent caspase cascades. The stress response gene GADD153 (DNA damage-inducible protein) plays a critical role in cell survival or cell death as part of the UPR and is generally considered a proapoptotic factor, inducing cell death by promoting protein synthesis and oxidation in the stressed ER. GADD153 suppresses activation of the Bcl-2 and NF-κB. ATF6 is a transcription factor which collaborates with XBP1 and ATF4 to activate the UPR target genes thus controlling cell response to ER stress and activation of ERassociated degradation of accumulated unfolded proteins. UPR-mediated cell survival or cell death is regulated by the balance of GRP78 and expression of GADD153/CHOP.
The series of works performed on the mouse ameloblastderived LS8 cells [18, 151, 152] presented clear evidences that fluoride is able to induce ER stress and UPR involving an increased expression of PERK, eIF2α, IRE1, active Xbp-1, BiP/GRP78, GADD153/CHOP, JNK, and c-Jun, followed by caspase-dependent apoptosis. These cells also respond to ER stress by increased expression of GADD45α, a p53-regulated and DNA damage-inducible protein, which is not a part of UPR but has recently been demonstrated to play a role in a cell cycle checkpoint arresting cells at G2/M phase in response to DNA damage [153] . In exocrine pancreas cells, the fluoride-induced ER stress was shown to increase eIF2α phosphorylation and CHOP expression, but did not affect GRP78, while spliced XBP-1 expression was decreased, indicating that ER stress under influence of fluoride can also activate another type of cell death, autophagy, without UPR [154] .
Conclusions
In this work, we have focused on the intracellular molecular mechanisms proven to be responsible for cytotoxicity and development of cell death induced by inorganic fluoride. During the last decades, fluoride was established to be a potent inducer of cell death in many cultured cell types and experimental animal models, and a significant progress has been made towards understanding the molecular mechanisms underlying fluoride toxicity. It activates virtually all known intracellular signaling pathways including G protein-dependent pathways, caspases, and mitochondria-and death receptors-linked mechanisms, as well as triggers a range of metabolic and transcription alterations, including the expression of several apoptosis-related genes, ultimately leading to cell death. However, knowledge of the intracellular pathways involved in the development of fluoride-induced cell death is still incomplete, probably due to complexity and diversity of the molecular events underlying fluoride toxicity. Although many proteins involved in the development of fluoride-induced apoptosis have been identified to date, most of the targets and the exact intracellular spatial and time-dependent chains of events are still unknown, the direct relationship between described mechanisms and fluorideinduced cell death has not always been established, and existing data are sometimes incomplete and controversial. The future intensive investigations are required to identify the whole cascade of events involved in the development of fluoride-induced cytotoxicity and cell death, as well as the mechanisms of their regulation.
